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AUen 



REMARKS 



I. Introduction. 

Claims 1-32 were examined. Claims 33-43 have been canceled, as drawn to the 
nonelected invention. The cancellation of claims is done without prejudice to further 



Claims 1-25, 27-32 and 44 are pending. Claims 1, 14, 19, 20, 21, 24, 25, 29, 30, and 
32 are amended. These claims are amended to more specifically claim certain 
embodiments of the instant invention. The invention, as now more specifically claimed 
with the amendments, is directed to targeting activated MLK activity in neuronal cells 
with a compound to determine that compound's ability to prevent neuronal cell death. 
The amendments of the claims are done without prejudice to further prosecution of 
other embodiments of this invention in a continuation, continuation-in-part, divisional, 
or other related application. 

This invention is based on the discovery that expression of MLK activates the 
SEKl-JNK pathway and induced apoptosis in neuronal cells. Thus, over-activation or 
stimulation of the MLK-SEKl-JNK cascade mediates neuronal toxicity. Since over- 
activation of glutamate receptor induces exdtotoxicity in neurons and is a conunon 
pathway responsible for neuronal death in a variety of neurodegenerative diseases and 
in various acute insults such as hypoxia, ischemia, sbroke, and others, the over- 
activation of the MLK-SEKl-JNK pathway serves as a common molecular mechanism 
for neuronal loss in these illnesses. Therefore, inhibition of the activation of the MLK- 
SEKl-JNK pathway by suppressing MLK-associated activities will prevent neuronal 
death in these neurological diseases. Prior to Applicant's invention, there was no report 
on the role of MLK activation in any kind of neuronal toxicity. 



prosecution in a divisional application. 



-6- 



Serial No. 09/156,367 
Art Unit: 1645 

Examiner: Marianne P. Allen 



11. Priority Application 

The Examiner states that Applicant is given the benefit of the filing date of 
September 17, 1998, and is being denied benefit to the provisional application filing date 
of May 14, 1998. According to the Examiner the basis for this decision is that "the full 
scope embraced by each claim was not disclosed in the provisional application." 

Applicant respectfully submit that she is entitled to priority to the May 14, 1998, 
date for as much as what is disclosed and fully supported by the provisional 
application. 

The priority application provides support for a method of screerung or assessing 
a cornpound's ability to prevent neuronal cell death by contairung a compoimd with 
neuronal cells having both activated JNK or MLK activity. The invention, as now 
claimed, is directed to MLK activity. The Examiner's attention is directed to the 
provisional patent application at the following pages which provide support for MLK 
activity: 

Page 2, lines 8-15: 

Moreover, normal huntingtin is associated with MLK2, a nuclear kinase 
which is almost exclusively expressed in brairis. Expression of MLK2 also 
activated the SEKl-JNK pathway and induced apoptosis in HN33 cells. 
Co-expression of mutated huntingtin with MLK2 induced apoptosis in 293 
cells while expression of normal or mutated huntingtin or MLK2 alone, or 
co-expression of normal huntingtin with MLK2 did not generate any toxic 
effect. Taken together, our studies demor\strate that expression of 
polyglutamine-expanded huntingtin induces neuronal apoptosis by 
activation of the SEKl-JNK pathway and this effect may be mediated by 
MLK2. 

Page 5, last paragraph to page 7, line 16: 

We then investigated the signal transduction pathway involved in activation of 
the SEKl-JNK pathway. In a previous study, we demonstrated that huntingtin 
interacts with SH3 domain-containing proteins such as Grb2 and RasGAP (18). 
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Members of the MLK family are the only known SH3 domain-containing 
proteins which activate JNKs (19-21). MLKs directly bind and activates [sic 
activate] SEKl which in turn elevates the JNK activity. Since MLK2 is a neuronal 
form of MLKs, we examined the effect of MLK2 expression in HN33 cells. NO 
any [sic No] toxic effect was observed in HN33 cells transfected with pRKSCMV 
vector (Fig. 4A, control). Expression of MLK2 caused apoptotic cell death in 
HN33 cells and co-expression of dominant negative SEKl mutant (SEIK/R) 
attenuated MLK2-mediated neuronal apoptosis (Fig. 4A). Dominant negative 
SEKl was clearly more effective at inhibiting cell toxicity induced by mutated 
huntingtin than b„y MLK2. This observation is consistent with other reports (20- 
21) and reflects the fact that MLK2 is a constihatively active kinase whose action 
is more difficult to block although SEKl is direct downstream of MLK2. Mutated 
huntingtin, on the other hand, lacks enzyme activity and may regulate activity of 
endogenous MLK2 in HN33 cells. Therefore, its action on the SEK2-JNK 
pathway may be more easily attenuated. Taken together, these results 
demonstrate'that MLK2, like mutated huntingtin, also activates the SEKl-JNK 
pathway to induce cell death in HN33 cells. 

Next, we explored the potential association of himtingtin with MLK2. Because 
expression of either mutated huntingtin or MLK2 alone cause rapid cell death in 
HN33 cells (Table 1), we could not obtain sufficient cells to perform a co- 
immvmoprecipitation experiment. No toxic effect was observed in 293 cells 
transfected or co-transfected with control vectors (Table 1). Expression of MLK2, 
or normal or polyglutamine-expanded huntingtin alone in 293 cells also did not 
generate cell toxicity at 48 hours after transfection (Table 1) and expression of 
normal or mutated huntingtin failed to activate JNKs (data not shown). Since 
293 cells are rich in huntingtin (18), we examined the interaction of MLK2 with 
normal huntingtin in 293 cells. c-Myc tagged MLK2 was transiently expressed in 
293 cells and MLK2 was precipitated with anti-c-myc tag 9E10 antibody (22). In 
cell lysates from 293 cells transfected without (Fig. 4B, 9E10IFC) or with 
pRkSCMV vector alone (Fig. 4B, 9E10IPV), 9E10 failed to co-predpitate 
himtingtin (Fig. 4B), while huntingtin was easily detected in both 9E10 (Fig. 4B, 
9E10IIT) and anti-huntingtin (Fig. 4B, HDPIP) immunoprecipitates of cell lysates 
from 293 cells transfected with c-myc tagged MLK2. Conversely, we determined 
whether an anti-huntingtin antibody precipitates MLK2. Cell lysates from 293 
cells with or without transfection of MLK2 were incubated with 437, an anti- 
huntingtin antibody or 9E10. In non-transfected wild-type 293 ceUs, MLK2 was 
not detectable in both 9E10 and 437 immunoprecipitates (Fig. 4C, 9E10IPC) and 
in pRKSCMV trar\sfected cells, MLK2 was also absent in 9E10 
immunoprecipitates (Fig. 4C, 9E10IPV). Whereas in MLK2 transfected 293 cells, 
MLK2 was detected in both 9E10 and 437 immunoprecipitates (Fig. 4C, 9E10IPT 
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& 437IPT). Since the detected association of MLK2 with endogenous huntingtin 
only takes place in MLIC2 transfected 293 cells, not in wUd-type 293 cells or 293 
cells transfected with pRK5CMV expression a c-myc tag alone, these studies 
suggest that normal huntingtin interacts with MLK2 in intact cells. Next we 
attempted to examine a potential difference between normal and mutated 
huntingtin interaction with MLK2. Co-trar\sfection of pFL16HD, which 
expresses normal huntingtin with a 16 CAG repeats, with MLK2 vector did not 
produce any cell toxicity (Table 1). Although expression of mutated huntingtin 
or MLK2 alone did not influence 293 cell vitality (Table 1), co-expression of 
mutated huntingtin with MLK2 induced rapid apoptosis and most cells died 
within 48 hours after transfection (Table 1). Thus, we could not obtain enough 
293 cells co-transf ected with MLK2 and mutated huntingtin to perform [a] co- 
immunoprecipitation experiment to determine any alteration of the interaction of 
MLK2 with polyglutamine repeat-expanded huntingtin. However, these results 
do suecest that MLK2 and mutated huntingtin synergistically stimulate the 
apoptosis signaling pathway in 293 cells." 



Page 8, last paragraph to Page 9, line 16: 

Several observations in our study suggest that MLK2 may be in involved 
mutated huntingtin-induced neuronal apoptosis. First, MLK2, like mutated 
huntingtin, initiates apoptotic cell death in HN33 cells. Second, mutated 
huntingtin, like MLK2, induces JNK activation. Third, neuronal toxicity induced 
by either mutated huntingtin or by MLK2 could be attenuated by dominant 
negative SEKl which specifically inhibits JNK activation. Fourth, co-expression 
of normal huntingtin with MLK2 does not induce apoptosis in 293 cells while co- 
expression of mutated huntingtin with MLK2 results in cell death. Furthermore, 
MLK2 is present in HN33 cells and absent in 293 cells according to a RT-PCR 
analysis (data not shown). Thus, mutated huntingtin-mediated cell toxicity 
requires the presence of MLK2. The precise mecharusm for how MLK2 is 
directly involved in mutated huntingtin-mediated neuronal apoptosis is not 
clear. Since normal huntingtin is associated with MLK2 in intact cells and such 
an association does not generate any cell toxicity, it may be possible that normal 
huntingtin is an inhibitor of MLK2 while expansion of the polyglutamine repeat 
in huntingtin interferes with its association with MLK2 and leads to activation of 
the SEKl-JNK pathway. As a result, mutated huntingtin may act as a dominant 
negative mutant and attenuate the inhibitory action of normal huntingtin on the 
MLK2-SEK1-JNK pathway. This may explain why HD is inherited in a donunant 
fashion. Currentiy, we are fixrther investigating how MLK2 is involved in 
mutated huntingtin-mediated neuronal toxicity. In addition to huntingtin, most 
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proteins involved in CAG-expanded hereditary diseases, such as ataxin 1, ataxin 
2, ataxin 6, ataxin 7, DRPLA, and androgen receptor (27), all contain one or more 
potential SH3 domain binding motifs and potentially , they may all bind to 
MLK2. Thus, activation of the MLK2-SEK1-JNK pathway may be one of 
common molecular mechanisms for neuronal loss in CAG-expansed 
neurodegenerative diseases. 

The Examiner's attention is also directed to Figure 4 and Table 1 of the 
provisional application which provides enabling support as required under 35 U.S.C. 
§ 112, first paragraph, for the claims of the instant application. 

The instant application is admittedly an application that contains additional 
information to that of the provisional application. Applicant submits that the 
provisional application fully supports and enables the instant application. Further, this 
situation is analogous to that of filing a continuation-in-part application from an earlier 
filed application. As stated in MPEP 1 706.02, page 700-10, any claims of the cip 
application which are fully supported under § 112 by the earlier parent application will 
have the effective filing date of that earlier parent application. 

in. Rejection Under Section 102(a) based on 

Liu et ah, Society for Neuroscience Abstracts. October 1997. 

Claims 1-2, 4, 6, 8-9, 11, 13-15, and 17 are rejected under 35 U.S.C. § 102(a) as 
anticipated by Liu et al. Society for Neuroscience Abstracts , October, 1997. According 
to the Examiner, Liu et al is dted as it is authored by other people in addition to the 
named inventor. In addition, the Examiner states that "Liu et al. teaches that expression 
of the huntingtin mutant activates JNK/ APK and induces neuronal apoptosis in 
hippocampal cells. Dominant-negative SEK(K-r) inhibits this induced apoptosis and 
may be a therapeutic tool in Huntingtin's Disease." 
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Applicant is submitting with this Amendment an In re Katz type declaration 
under 37 C.F.R. §1.132. With the filing of this declaration, this rejection should now be 
moot. 

III. Rejection Under Section 103(a) based on 

Liu et ah, Society for Neuroscience Abstracts, October 1997. 

Claims 9-10, 14, and 18 are rejected under 35 U.S.C. § 103(a) as obvious over Liu 
et al.. Society for Neuroscience Abstracts, October, "1997. 

With the filing of the In re Katz declaration imder Rule 132, it is submitted that 
this rejection is now moot. 

IV. Rejection Under Section 103(a) based on Yardin, et al, 
Neuroreport. (June 22, 1998), Ni et al, U.S. 5,840,509, and 
Johnson, US. 5,854,043. 

Claims 1-2, 5-9, 12-16, and 19-32 are rejected under 35 U.S.C. § 103(a) as obvious 
over the combination of Yardin, et al, Neuroreport . June 22, 1998, Ni et al, 
U.S. 5,840,509, and Johnson, U.S. 5,854,043. According to the Examiner, "It would have 
been obvious to use the experimental system of Yardin et al. to assess a compound's 
ability to prevent neuronal cell death in neurological conditior\s. . . . Johnson, Yardin 
et al., and Ni et al. make clear that it would have been well known how to manipulate 
various aspects of the second messenger systems to evaluate inhibitors and induces of 
apoptosis, enzymatic activity, gene expression, and so forth in the cascade, using well 
known techruques." 

Applicant respectfully traverses this rejection. 

To begin, Yardin et al. is a reference with a date as of June 22, 1998. Applicant is 
entitled to a priority date of May 14, 1998. For that reason, Yardin et al. is not an 
appropriate reference. 
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Even if Yardin et al. were an appropriate reference, Yardin et al. does not render 
obvious the invention, as now claimed, obvious. 

Yardin et al. demonstrate that FK506, an inununosuuppressive drug, can block 
neuronal apoptosis induced by sertmi deprived cortical (neuronal) cell cultures. The 
results showed that the FK506 prevented the expression of the C-jun protein in these 
serum deprived (stressed) neuronal cell cultures. Yardin et al. state that "The links 
between the association of FK506-FKBP12 and C-jim are not known but could implicate 
ATF-2 in the induction of C-jun transcription. Further work will be needed to analyze 
the relahonship between C-jun, ATF-2 and FK506 since ATF-2 [activating transcription 
factor-21 is also substrate for the C-iun kinases which phosphorylate C-jun protein." 
(Yardin et al, page 2080, last paragraph.) 

c-Jim is a transcription factor and its expression can be influenced or regulated 
by a number of factors, including JNK phosphorylation and in some cell types by ERK- 
mediated mechanisms. (See the review article, Leppa and Bohmann, "Diyer§gJunctions 
of JNK signali ng and c-Tun in stres sxpsponse and apoj?tosis/' Oncogene 18:6158-6162 
(1999)and Leppo et al., ''Differential^ 

cell diffe rentiatio n/' EMBO Journal 17:4404-4413 (1998). Copies of these articles are 
enclosed for the convenience of the Examiner.) Thus, as Yardin et al. demonsh:ate, 
other factors influence the expression of c-Jun. 

Yardin et al. does not recognize, much less render obvious. Applicants invention 
as now claimed, namely, that the inhibition of MLK activities in the MLK-SEKl-JNK 
pathway will prevent neuronal death in these neurological diseases. 

Ni et al. is directed to a neuronal interleukin-1 converting enzyme (ICE) related 
protease and related DNA compovmds and tiie use of this protease and its DNA in a 
method to identify compounds that inhibit \he apoptotic process. Ni et al. states that 
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"ICE related protease is present in the CNS and is enriched in central neurons including 
pyramidal neurons and granule neurons of the hippocampus and cerebral cortex. Data 
suggests that overexpression of ICE related protease could be involved in a neuronal 
death cascade in manunalian neurons. A further imderstanding of the cellular events 
underlying apoptosis will probe useful for developing neuroprotective strategies as 
well as therapeutic interventions for head traumas, ALS, Alzheimer's stroke, brain 
ischemia, as well as a variety of other neurodegenerative disorders involving 
apoptosis." Col. 7, lines 43-53. 

Applicant agree with the Examiner that it was known "how to marupulate 
various aspects of the second messenger systems to evaluate iiJiibitors and induces of 
apoptosis, enzymatic activity, gene expression, and so forth in the cascade, using well 
known techniques." Applicants disagree, however, that the combination of references 
teaches one of skill in the art that MLK can be used as a target for the development of 
inhibitory compounds of MLK-associated activity. 

Johnson teaches a method for regulating the homeostasis of a cell by regulating 
the signal transduction activity of a nutogen extracellular signal-regulated kinase (ERK) 
kinase kinase protein (MEKK)-dependent pathway. Johnson discusses various ways in 
which the homeostasis of a cell is controlled by regulating the activity of an MEKK- 
dependent pathway in which the MEKK protein regulates the pathway substantially 
independent of Raf . Johnson also discusses regulating MEKK-dependent pathway by 
"contacting a cell with a compound capable of directly interacting with a protein 
including MEKK, JEK, JNK, Jun, ATF-2, and Myc, and combinations thereof, in such a 
manner that the proteins are activated; and /or contacting a cell with a compound 
capable of directly interacting with a protein including Raf, MEK, MAPK, TCP protein 
and combinations thereof in such a manner that the activity of the proteins are 
inhibited." 
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While Johnson does discuss increasing or decreasing the activity of JNK or Jun, it 
does not suggest to one of skill in the art that MLK can be used as a target for the 
development of inhibitory compounds of MLK-associated activity, and that such 
compounds can be used to prevent neuronal loss. 

The combination of the cited references, Yardin et al, Ni et al, and Johnson does 
not render obvious Applicant's invention as now claimed. The claims, as now 
amended, are specifically directed to assessing or screening for a compound's ability to 
prevent neuronal cell death by contacting a compound with neuronal cells having 
activated MLK activity and determining by comparison the compound's ability to 
pj-^Yent cell death by the number of neuronf^l cells that die. 

V. Rejection Under Section 103(a) based on Cheung et al Journal of 
Neuroscience Research. (April 1, 1998), Ni et al, U.S. 5,840,509, and 
Johnson, U.S. 5,854,043. 

Claims 1-2, 5-7, 9, 12, 14-16, 19-22, and 24-32 are rejected under 35 U.S.C. § 103(a) 
as obvious over the combination of Cheung et al, Tournal of Neuroscien ce Research, 
(April 1, 1998), Ni et al, U.S. 5,840,509, and Johnson, U.S. 5,854,043. According to the 
Examiner, "it would have been obvious to use the experimental system of Cheung et al. 
to assess a compound's ability to prevent neuronal cell death in neurological conditions. 
Apoptosis would have been well known to be involved in neurological conditions and 
the prior art teaches the association between c-Jun and apoptosis. Johnson, Cheung et 
al, and Ni et al. make clear that it would have been well known how to manipulate 
various aspects of the second messenger systems to evaluate inhibitors and induces of 
apoptosis, enzymatic activity, gene expression, and so forth in the cascade, using well 
.known techniques." 

Applicant respectfully traverses this rejection. 
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Cheung et al. studied the relationship between the expression of c-Jun and 
kainate-induced cell death in cerebellar granule cells. Cheung et al. states that kainate- 
induced cell death correlated with an increase in c-Jun mRNA and suggest that c-Jun 
expression is activated by apoptotic stimuli and is a potential marker for apoptosis. 
(See Cheung et al., page 78, second column, first paragraph.) 

However, Cheung et al. does not teach nor suggest to one of skill in the art that 
MLK can be used as a target for the development of inhibitory compounds of MLK- 
associated activity. Even with the combination of Ni et al. and Johr\son et al., one of 
skill in the art would only be left with the general suggestion of manipulating cellular 
pathways to evaluate irOiibitors of apoptosis. This general suggestion is an invitation to 
invention, and does not render the claimed invention obvious. 

Vr. Conclusion. 

Applicants respectfully submit that all the basis for rejection of the pending 
claims are now moot. The Examiner is requested to recdr^ider the rejections and to 
withdraw them and to pass this case to issuance. 

Respectfully submitted. 

Date: April 6, 2000 HoUie L. Baker 

Registration No. 31,321 

Hale and Dorr LLP 
60 State Street 
Boston, MA 02109 
617 526-6110 (Telephone) 
617 526-5000 (Fax) 
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Diverse functions of JNK signaling and c-Jim in stress response and 
apoptosis 

Sirpa Leppa* ' and Dirk Bohmann*' 

^•Maarman fnsniute. Department of Pa^hoia.y. P.O. Box 21. ff^-OOOM UnnersUy of Helsinki. FM; '^Surop^an Laboratory 
for Mokcuiar Biology, Meycrhofitr, I. 0-691 f 7 Hdcldterg. Germany 



c-Jun/AP-1 activation has been implicated in various, 
often opposing cellular responses. For example, although 
ihere is considerable evidence that c-Jon activation can 
he a positive Step in the events leadins a cell towards 
apoptosis, there are also many reports stating the 
opposite: that under certain circumstances c-Jun can 
inhibit apoptosis and promote proliferation or differentia- 
tion insicad-and chat these responses are important for 
normnl mammalian development. It is clear thai the 
effects of c-J»in on cellular responses depend strongly on 
the cell type and the context of other regnlatory 
influences th;it the cell is receiving. This review focuses 
on recent developments in understanding how activation 
of JNK and c-Jun contributes to different cellular 
responses. 

Tnn- WK' sicrnAl tmnfiductioni acODtCSiS 



Introduction 

The AP-l family represents a paradigm for signal- 
responsive transcription factors. Many of the proper- 
ties and regulatory functions of eukaryoiic Iranscrip- 
cional regulators were iniciaily discovered and described 
in studies on ihcsc proteins (Angel and Karin, 1991; 
Curran and Fr^nza, 1988). Similarly, several currently 
unresolved ques:ions in the field of signal transduction 
and gene regulation are addressed using the compara- 
lively well-understood AP-l family as ^^ example. 
Such questions include; how are different extracellular 
signals integrated by complex networks of cellular 
information flow, and how are different incoming 
signals interpreted by the cell in i manner (hat takes 
the context into account, so that sensible and 
biologically appropriate response; arc initiated. The 
role of c-Jun/AP-1 in stress response and the control of 
cell erowth and apoptosis represents a good example 
for such complexities. Here we review some recent 
findings that illustrate the mulii- facet ted functions of c- 
Jun in the control of these cellular responses. For a 
more comprehensive review on the ro!e of AP-l factors 
in MAPK signal transduction see (Ip and Davis, 1998: 
Karin, 1995: Whitmarsh and Davis, 1996). 

The AP-l family consists of several groups of bZlP- 
domain (bZlP = basic region leucine zipper) proteins: 
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the Jun, the Fos, and the .\TF-2 subfamilies (Angel 
and Karin. 1991). Mammalian Jun proteins include c- 
Jun, JunB, and JunD; Fos proteins are c-Fos. FosB. 
Fra-I and Fra-2; and the ATF proteins that are 
customarily included in the AP-l family are ATF-2 and 
ATF-a. Like all bZIP transcription faaors. AP-l 
proteins have to dimerizc before they can bind to 
their DNA target sites identified by the sequences 
TGACTCa, TGACGTCA. or variants thereof. Doz- 
ens of different homo- and heierodimcric combinations 
with different regulatory properties, as determined by 
the characteristics of the subunits, can form. The 
activity of individual AP-l components can be 
regulated at different levels. One level is transcrip- 
tional Some AP-i -encoding genes are tightly regulated: 
C'jim and c-/c?3 are the best-characterized examples of 
this aroup. Their expression is subject to regulation by 
a large number of stimuli and signaling pathways 
(Whitmarsh and Davis, 1996). Other AP-l coding- 
genes, such as jimD and ATF-2, w expressed at fairly 
constant levels (de Groot et aL, 1991; Gupta ci at., 
1995; Hirai et ai., 1989; Van Dam ei ai, 1995). 

In addition to the mlraceilular concentrations of 
these proteins, the specific activity of AP-l factors is 
subject to regulation at the protein level, by post- 
translational modifications and interaaions with other 
proteins. The mitogen-activated protein kinase 
(MAPK) signaling pathways play a predominant role 
in this regard (Ip and Davis, 1998; Karin et ol,, 1997; 
Whitmarsh and Davis, 1996). These pathways are 
characterized by modules composed of three protein 
kinases: MAPKKKs phosphorylate and thereby 
activate MAPKKs, which in turn phosphorylate 
MAPKs. The three best-characterized subfamilies of 
MAPKs arc named ERK, JNK and p38. In general, 
different MAPKs are members of separate modules 
and arc regulated by distinct extracellular stimuli. For 
example, ERKs are activated by receptor tyrosine 
kinases and relay proliferation or differentiation 
signals. JNK and p38-type MAPKs are activated 
predominantly by stress stimuli and pathogenic 
insults, but in some cell types also by mitogens. 
Interestingly, all three classes of MAPKs are involved 
in the regulation of distinct AP-l components. c-Jun is 
regulated by JNK phosphorylation and in some cell 
types also by ERK-mediated mechanisms. c-Fos is a 
substrate for regulatory phosphorylations by ERK. 
and ATF-2 is regulated by JNK and p38 kinases 
(Karin, 1995; Whitmarsh and Davis, 1996). 

Reflecting this baffling complexity of regulatory 
inpuu impinging on AP-I factors, the range of 
biological responses in which these factors have been 
implicated is very broad. Signaling by AP-l transcrip- 
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tion factors has been shown to be -nvolvcd in. or at 
least correlated with, phenomena i.s diverse as cell 
orohferiUion. transformation, dirtcrrnt types of cell 
differentiation., cell migration and apoptosis. This 
review focuses on recent developments in understand- 
ing how activation of JNK and c-Jun/AP-l contributes 
CO diflerent cellular responses. 



c-Jiin and cell proliferation 

A role of c-Jun in growth control was first suggested by 
its ability to transform cells alone or in the presence of 
a cooperating oncogene (Bos et ai, 1990; Castellazzi et 
oL, 1991; Johnson el ai, 1996; L'oyd et 1991; 
Schutte et al., 1989). fn addition, microinjection of 
antibodies against c-Jun was shown to inhibit 
progression of ceils from GI into S phase (Kovary 
and Bravo» 1991). Studies employing fibroblasts and/or 
hepatoblasts from c-Jim knockout mice demonstrated 
that c-Jun deficiency results in a severe proliferation 
defect, which cannot be compensated by addition of 
purified mitogens (Eferl et ai, 1999; Hilberg et aL, 
1993; Johnson et al, 1993). Thus, at least in cultured 
fibroblasts and hepatoblasts. c-Jun acts as a positive . 
regulator of cell growth. 

Even though the molecular mechanisms underlying 
oJun-dependenc growth control have not completely 
been resolved yet. one plausible mechanism by which 
C-jun couid positively regulate ceil cycle progression 
v.as described recently and found to invoWe the 
tumor suppressor gene p53 (Schreiber cf n/., 1999). 
In 3T3 fibroblasts lacking c-Jun, expression of p53 
and its target gene, the cyclin-dependent kinase 
inhibitor p2l, is upregulated resulting in impaired 
cycUn Dl and £-associated kinase activities., and 
inefficient exit of cells from Gl to $ phase. It was 
demonstrated that in fibroblasts, c-Jun aciSj. as a 
direct negative regulator of p53 expression./ Consis- 
tently, deletion of p53 in ^-Jun — f— cells is "sufficient 
to overcome all cell cycle and proliferation defects. 
In contrast to various stress stimuli, which 
upregfulaie p53 levels through a post-translational 
mechanism, c-Jun rather represses p53 expression at 
the transcriptional level by directly interacting with 
the p53 promoter. It is interesting to note that one 
of the mechanisms reported in the regulation of p53 
at the protein level involves JNK, which hxis been 
proposed to down-regulate p53 by targeting it for 
degradation when the JNK signaling pathway is off, 
i.e. JNK is not catalytically active. Overexpression of 
c-Jun (Fuchs et al„ 1998a) or activation of JNK 
(Fuchs et aL, 1998b) leads to stabilization and 
accumulation of p53 in mouse fibroblasts. Thus, 
two components of the JNK pathway, JNK itself 
and c-Jun, can exert opposing effects on p53. This is 
puzzling at first, but may be explained by cell type 
differences. Furthermore, it is not clear yet whether 
ihc putative iranscriptional repression of the p53 
gene by c-Jun is phosphorylation-dependent, i.e. 
whether JNK or another MAPK plays a role in 
this process. 

In a separate study, mou.se embryo fibroblasts were 
also found to respond to loss of c-Jun by arresting in 
01 phase (Wisdom et al., 1999). However, in this 
cellular context, inhibition of cell proliferation is 



associated with reduced expression of cyclins Dl and 
D3. Importantly, cyclin Dl promoter activity was 
shown to be directly controlled by c-Jun. Together, 
these results establish a molecular link between c-Jun- 
dependent mitogenic signaling and cell cycle regulation. 

Whether the activity of the JNK pathway arid the 
Jun-mediated proliferation response are connected 
awaits further clarification. Two recent studies using 
gene targeting suggest that the Jun phosphorylation 
and/or the JNK pathway is involved. First, fibroblasts, 
in which endogenous Q-Jun gene is replaced by a 
mutant c-iun allele with the MAPK phosphoacceptor 
serines 63 and 73 changed to nonphosphorylablc 
alanines (Ser63Ala, Ser73Ala), have a proliferation 
defea in comparison to wild type fibroblasts (Behrcns 
et a/., 1999). Second, sekl-dehdcni fibroblasts also 
grow more slowly than their wild type counterparts 
(Ganiatsas et al.. 1998). However, in a separate study, 
which applied recombinant retroviruses directing the 
expression of different c-Jun mutants to rescue the 
proliferation defect in c-ytw-/- cells, the phoshoryia- 
tion sites, serines 63 and 73, were found not to be 
required (Wisdom et aL, 1999). In this context, it is 
also worth noting that the positive role of JNK 
pathway and c-Jun in proliferation appears not to be 
universal but rather a cell-type dependent phenomen- 
on. Unlike in fibroblasts and hcpatoblasts, at least in 
sek~l- and c-jun- 1- embryonic stem cells, prolif- 
eration- rates are not affected (Ganiatsas et ai, 1998; 

. . . . .1 \\t 1-1 r .1 — Li-^i. ^a-^Ji.- 

JNK a^nd c-Jun activation depends on the cell context 
and, presumably, the signaling pathways that arc 
simultaneously activated. 

In addition to cell proliferation, c-Jun/AP-I has 
been shown to play a role in differentiation. Studies in 
cell culture have indicated that c-Jun expression can 
promote differentiation of many different cell lineages, 
such as myeloid, neuronal and epithelial cells (Leppii et 
a/.. 1998; Lord ei ai, 1993; Szabo ct aL, 1994), In vivo. 
c-Jun expression is required for viability (Table 1). 
Mice lacking c-Jun survive only to embryonic day 12 
and die due to massive hemorrhage in the liver. A 
detailed histological analysis of ojun—j- mice 
revealed that hepatoblasts and erythroid cells in the 
liver undergo prominent apoptosis (Eferl et ai, 1999). 
In addition, it was found that c-jun deficiency results in 
defects in the heart outflow track formation, a 
malformation resembling congenital human heart 
defect of a persistent truncus arieriosius (Eferl et ai, 
1999). With respect to abnormal hepatogencsis, the 
sekl-j- phenotype is similar to c-jun deficient 
embryos (Ganiatsas et a(„ 1998; Nishina et a(., 1999). 
In contrast, mutant mice lacking cither JNKl, or 
JNK2, or JNK3 develop without obvious structural 
abnormalities. However, JNKl as well as JNK2 
mutant mice exhibit decreased activation-induced T- 
cell death and imbalance between ThI and T„2 
mediated immune responses (Dong et al., 1998; 
Sabapathy et aL, 1999; Yang et al., 1997b, 1998). In 
Drosophila^ evidence has been presented for an 
involvement of Jun in several developmental pro- 
cesses. It has been shown that Drcsophila Jun can 
induce photoreceptor differentiation after being phos- 
phorylated by Drosophiia ERK (Bohmann er oL; 1994; 
Peverali et uL, 1996) and that it acts as an effector of 
JNK signaling in the regulation of morphogenetic cell- 
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shape changes (Kockel tt a/, 1997; Ricsgo-Escovar and 
Hafen, 1997). 



Jun as a mediator of apoptosls 

Although, at first glance, cell proliferation and 
apoptosis appear lo be opposing and mutually contra- 
dictory processes, the regulatory systems that control 
cell growth and cell death arc remarkably overlapping. 
Indeed, a number of proteins that were originally 
identified as oncogene products and positive growth 
regulators were subsequently found to play important 
roles in apoptosis. Examples include Myc and Ras, In ^ 
the case of c-Jun, ample evidence also exists that links 
ihc transcription factor to the control of cell death. 
However, the function of c-Jun in apoptosis control is 
rather multi-facetted, and represents a prime example 
for individual signaling components eliciting different 
or even opposing signal responses in different cellular 
settings: 

Perhaps the most illustrative data for c-Jun acting as 
an inducer of apoptosis have been obtained in studies 
on ncuronally difTcrentiated cells. Initial studies using 
PC 1 2 cells and sympathetic neurons showed chat 
inhibition of c-Jun activity, cither by microinjection 
of antibodies against c-Jun or expression of dominant 
negative mutant forms of the protein protects the cells 
from nerve growth factor (NGF) withdrawal-induced 

/r:.*-.- lOa,^. U^r^ ^/ IQOn- Yi^ fit 

apopiO^is c* t-it-, — - - , - 

a/., 1995). Farthermore, ectopic expression of c-Jun is 

sufficient to drive sympathetic neurons into apoptosis 

in the absence of external stimuli (Ham tt al, 1995). 

Similarly, overexpression c-Jun was shown to induce 

apoptosis in 3T3 fibroblasts (Bossy- Wetzel ef al. 1997). 



Later studies revealed that, in addition to enhanced c 
Jun expression, phosphorylation, of c-Jun by JNK is 
necessary for the apoptolic response in certain 
neuronal cell types, including cerebellar granule and 
sympathetic neurons (Ce-Niculescu et aL, 1999; Watson 
et ai, 1998). The most conclusive evidence for the 
importance of JNK activation and c-Jun phosphoryla- 
tion for neuronal apoptosis in the animal has been 
obtained in gene targeting experiments (Table 1). It 
was shown that deletion of brain-specific gene, but 
not jnkJ or jnk2, causes protection of hippocampal 
neurons from kainaie-induced apoptosis (Dong et al., 
1998; Yang et o/,, 1997b, 1998). Simultaneously, AP-1- 
dependent reporter activity, but not the activation of 
the C'fos and c-yw/i genes by kainatc, is greatly reduced 
in the Jnk3 mutant background, suggesting that the 
post-translational regulation of AP-1 activity by JNK3 
is critical for the triggering of death. In a pleasingly 
complimentary set of experiments, - Wagner and 
collaborators showed that mice harboring a mutation 
in the c-Jun locus that removes a subset of JNK 
phosphorylation sites (Ser63Ala, Ser75Ala) are also 
protected from kainatc-induccd apoptosis in the 
hippocampus (Behrens et ai, 1999). The mechanism 
by which JNK3 and c-Jun promote apoptosis remains 
obscure. A candidate effector is Fas ligand, which is 
induced in response to NGF withdrawal and JNK 
activation in PC12 cells (Le-Niculescu et al., 1999). 
Other mediators of JNK signaling during apoptosis 
could be d53 and the apoptotic protein Bax (Aloyz ei 
aL 1998). 

Ii has 10 be stressed that the essential positive role of 
c-Jun documented in hippocampal neurons exposed to 
kainate stress is not a reflection of a universal role of c- 
Jun in cell death or even in neuronal cell death. Mice 
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lacking the c-Jun phosphorylation sites Set 63 and 73 
show "no defects in se^'eral forms of normal devel- 
opmentAlly regulated apopiosis (Behrens ef qL. 1999). 
Even in the complete absence of c-f os and c-Jun in 
double knockout mouse embryos, no defects in the 
normally occurring dcvclopmcnially programmed cell 
death were recorded (Roffler-Tarlov et a/., 1996). 
Consistently, mutant mice deficient in either the JnkI, 
Jnk2y or pik3 genes are viable and develop normally 
(Dong <it qL 1998; Yang et aL 1997b; 1998), However, 
in a recent study, in which dual JNK knockouts were 
generated, it was found that the dual deficiency of 
JNKl and JNK2 causes embryonic lethality due to 
severe dysregulation of apoptosis during brain devel- 
opment (Kuan €( ai, 1999). Interestingly, depending on 
the brain region, the response is either pro-apoptoiic or 
anti-apoptotic. This implies that JNKl and JNK2 
regulate the regional specificity of developmenially 
regulated apoptosis during brain morphogenesis. In 
jnkiljnk2 double knockout embryos, c-Jun is normally 
expressed and phosphorylated, presumably by JNK3. 
which further excludes c-Jun as a mediator of normal 
developmcntally regulated apoptosis (Kuan et al., 
1999). Also in Drosophila genetic evidence for a role 
of JNK. signaling in apoptosis in the context of an 
intact organism has been provided. It was shown that 
in (he developing wing imbalanced BMP-signaling 
could cause JNK-mediated apoptosis (Adachi-Yama- 
da e( al.,' 1999). It is not clear yet wheiher Drosophila 

Tun rtr Fos niavs n role in iHk nrnr*>s« 



c-Jun in dc?ith protection 

In contrast to the findings discussed above, which 
support a role of JNK-Jun signaling in stimulating 
apoptosis, a growing amount of evidence implicates c- 
Jun in the protection of cells from stress-induced 
apoptosis. The most compelling evidence for c-Jun 
acting as an anti-apoptotic factor rather than an 
effector of apoptosis has again been obtained using c- 
Jun-deficicnt cells. In comparison to wild type cells, c- 
jun — l— fibroblasts have a greatly reduced capacity to 
escape apoptosis triggered by UV-induced cell stress. 
The anti-apoptotic function of c-Jun is phosphoryla- 
tion dependent, since cells expressing the Ser63Ala, 
Ser73Ala mutant of c-Jun are not protected from 
apoptosis triggered by UV irradiation (Wisdom ei ai, 
1999). Consistent with the cell culture studies, the lack 
of c-Jiin results in massive apopiosis of hcpatoblasts 
and eryihroblasts in developing mouse liver in vivo 
(Efcrl €( al., 1999). 



promoter element comprised of only 7 or 8 base pairs. 
The dilemma that the cell faces is how to interpret the 
activation of .AP-1 correctly and ensure that the 
initiated response, for example apoptosis or survival, 
is appropriate wiih regard to the extracellular 
information received. 

Several mechanisms have been documented or 
suggested that could mediate the specific interpretation 
of JNK-Jun signaling by the cell. At the level of gene 
expression, the question is how AP-I targets are 
selected in a cell type or context-dependent manner. 
Furthermore, one might ask whether there arc 
quantitative, kinetic or qualitative changes in the way 
in which the transcription of relevant genes is regulated 
by AP-1 upon stimulation by different factors. This 
might lead the cell to a dififerent fate, such as death or 
survival. All these parameters may be influenced by 
subtle alterations of the signaling properties within a 
cell. The effect on target gene activation or repression 
may be determined by the composition of AP-l 
subunits in the cell, by other transcription factors 
that act in c<?ncert with AP-l on target gene regulatory 
sequences, or by global effects on chromatin. The latter 
may be affected by the history of the cell or by 
extracellular signals (Thomson et al., 1999). It should 
also be kept in mind that Jun and Fos proteins have 
several modes of action. In addition to their ^classical 
role' as TGACTCA-binding AP-l transcription factors, 
they can influence gene activity by inhibitory interac- 
tions ^ith oth^r Iran script iop- f^^ctors, such ^? nucleijr 
receptors or HLH proteins, at the protein level. The 
presence or absence, or the activation state of such 
interaction partners in a target cell might alter the 
quality of the AP-l response. Finally, it is even 
conceivable that part of the complexity of the cellular 
response to AP-l regulation may not depend on gene 
regulation at all Preston tt al, (1996) suggested that 
the Fos-induccd apoptosis in Syrian hamster embryo 
cells is independent of protein synthesis. 

Taken together, there are many variables that can 
influence the cell's receptiveness to and interpretation 
of JNK and AP-l activation. Some of these variables 
arc probably the activation state of known proteins, 
signaling pathways or chromatin domains. Others 
might be obscure and experimentally harder to grasp 
(to datel) and include cell- or signal-specific differences 
in signaling kinetics or topology. It will be a very 
important task to pull all these building blocks 
together in order to obtain a comprehensive picture 
of the mechanisms mediating context-specific signal 
interpretation by the cell. 
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Concluding remarks 

The AP-I system has the capacity to funnel a great 
deal of complex information to a relatively simple 
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The two MAP kinases JNK and ERK direct disUnct 
cellular activities even though they share a number of 
common substrates, including several transcription 
factors. Here we have compared JNK and ERK signal- 
ling during PC12 cell differentiation and investigated 
how activation of c-Jun by the MAPKs contributes to 
this cellular response. Exposure to nerve growth factor, 

or expression of constitutiveiy active MEKl two treat- 

ments which cause differentiation of PC12 cells into a 
neuronal phenotype — result in activation of ERK-type 
MAP kinases and phosphorj'lation of c-Jun on several 
sites including Ser63 and Ser73. Constitutiveiy activ- 
ated c-Jun, which mimics the MAPK-phosphorylated 
form of the protein, can induce neuronal differentiation 
of PC12 cells independently of upstream signals. Con- 
versely, expression of dominant-negative c-Jun**^^^ pre- 
vents neurite outgrowth induced by activated MEKl 
Activation of MEKKl, which stimulates the JNK path- 
way, is not sufficient for PC12 cell differentiation but 
can mduce apoptosis. However, neurite outgrowth is 
triggered when c-Jun is co-expressed with activated 
MEKKl or SEKL Consistently, MEK-induced ERK 
activation in PCl2 cells induces cjun expression, while 
JNK signalling does not. Therefore, dual input of 
expression and phosphorylation of c-Jun provided 
by the ERK pathway is requin5d to direct neuronal 
differentiation in PC12 cells. 
Keywords: c-Jun/differentiation/MAP kinases/ 
phosphorylation/signal transduction 



Introduction 

MAP kinase cascades are universal signal transduction 
modules that are evolutionarily conserved and used in 
a wide variety of biological response mechanisms. In 
vertebrates, at least three such pathways have been identi- 
^^^^'^^^^'""^^^ classes, known 

^J^^^"^ (Trcisman, 1996; Robinson and 
Cobb 1997). Even though these signalling systems are 
built from evolutionarily related protein kinases, they 
convey distinct biological responses. Whereas ERK signal- 
hng IS generally involved in d^e control of cell proliferation 
and differentiation, JNK and p38 signal transduction 
pathways mediate responses to various forms of cellular 
stress, such as damage repair mechanisms, cell growth 
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arrest and eel! death. The biological effects of MAP kinase 
signalling are executed by downstream phosphorylation 
substrates, most notably a number of signal-responsive 
transcription factors. A conceptual complication arose 
when it became evident that several of the MAP kinasc- 
regulated transcription factors such as Elkl and ATF-2 
can serve as substrates for more than one MAP kinase 
and thus participate in different biological responses 
(Gupta €1 al. 1995; Livingstone ei al. 1995; Van Dam 
et aL, 1995; Whitmarsh et aL, 1995. 1997; Price et ai, 
J996). This raised the question of how the specificity of 
signal response is maintained, i.e. how distinct biological 
responses are mounted after kinases with similar or over- 
lapping substrate specificity are activated. 

The transcription factor c-Jun provides a useful model 
to study the complexity and specificity of signalling. c-Jun 
is an inducible transcription factor which directs changes 
of gene expression in response to multiple extracellular 
stimuli (Angel and Karin, 1991; Karin er ai, 1997). 
Traniciipilon oi c-jun mKNA nscs after exposure of cells 
to a number of treatments including exposure to mitogens 
and various forms of stress. In addition to this transcrip- 
tional mode of regulation, c-Jun activity can also be 
modulated directly at the protein level. Most notable in 
rhxs regard are regulatory phosphorylations occurring on 
Ser63 and Scr73, and Thr9l and/or Thr93 within the 
rrw-activaUon domain (Pulverer er ai, 1991* Smeal 
er a! 1992; Papavassiliou e( ai, 1995). Phosphorylation 
of these residues results in the stabilization of c-Jun 
as well as enhanced rro/i^-activation and DNA-bindine 
activity (Devary et aL. 1992; Radler-Pohl et al 1993"^ 
Papavassiliou et ai, 1995; Musii et aL, 1997). In certain 
cells, these phosphorylation events have been attributed 
to the MAP kinases ERKl and ERK2 (Binetiuy et al 
1991; Pulverer et a/., 1991, 1993; Smeal er ai, 1991)' 
ERKs arc regulated by growth factors, neurotrophins and 
phorbol esters. Ttie signal for ERK activation is relayed 
from the cell surface to the nucleus through a well- 
charactenzed signal transduction pathway involving 
aaivation of the small GTP-binding protein Ras. and a 
kinase cascade comprised of Raf, MEK and ERKs 
(Marshall. 1995; Trcisman, 1996). 

C-Jun is also a substrate for a related group of MaPKs 
called stress-activated protein kinases (SAPKs), or Jun N- 
temiinal kinases (JNKs) (Kyriakis and Avnich. 1996- 
Trejsman. 1996). Exposure of cells to certain cytokines' 
protein synthesis inhibitors, or various forms of stress' 
triggers a kinase cascade leading to the activauon of JNk! 
which can bind directly to and phosphorylate c-Jun (Hibi 
ej ai, 1993; D6rijard et ai, 1994; Kyriakis et aL 1994- 
SJnchez aL 1994). Analogous to the ERK cascade, the 
JNK pathway mvoNcs the sequential activation of three 
kinases called MEKK." 5EK and JNK, respectively 
(Kynakis and Avaich, 1996; Robinson and Cobb, 1997). 
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fis. 1. laduction oi neurite outgrowth in PC 12 celts expressing cJun variants in which MAPK phosphorylation sites have been mutated 
(A) Mofpholofiy of pen cells expressing cJun mutants. PCl2 cells were microinjcctcd with expression vectors for nuclear p-galactosidasc. HA- 
ta-^c-cd wild-type c-Jun. HA-c-Jun'^'^ or H.A.c.Jun'^*^^ as indicated. After AS \ the cells were fixed and stained with anti-^galactosidasc or anti-HA 
anObodics. Injected cells were detected using FTTC-labelled secondary antibodies (green), and the morphology of the cells was visualized by actin 
staining (red). Cells wei« examined under confocal microscopy. (B) Quantification of neurite outgrowth. The percentage of the cells with neuntcs 
exceeding twice the cell length among the micro injected (FITC -positive) cells is shown. (C) Length distribution of c-Jun-induccd ncuntes. The 
percentage of cells with ncurites exceeding 2-. 3-. 4- or 5-foW the cell length among the micfoinjccicd (FTTC-posiuve) cells is shown. The daw 
represent mean values = SE of three separate experiments. 



With the discovery of JNKs, it became apparent that these 
enzymes phosphorylate c-Jun more efficiently than ERKs 
in vitro (D6rijard et al„ 1994; Minden et at., I994a,b). 
Thus» the role of ERKs in the regulation of c-Jun activity 
has come into question. 

The diversity of signals and signalling pathways that 
arc directed toward c-Jun is also reflected in the biological 
responses, in which the transcription factors have been 
implicated. It was thought earlier that the main function 
of c-Jun is to transmit proliferative signals in a cell 
(Schiitte er aL, 1989; Bos et al., 1990; Castellazzi era/.. 
1991; Lloyd 6ffa/„ 1991; Johnson efaL 1993). Paradoxic- 
ally, it has also been reported that c-Jun is involved in 
certain types of apoptotic cell death. For example, 
dominant-negative mutants of c-Jun, or antibodies against 
c-Jun were shown to protect neuronal cells from apoptosis 
induced by nerve growth factor (NGF) withdrawal, a 
treatment which activates the JNK and p38 kinase cascades 
(Estus et ai. 1994; Ham et al, 1995; Xia et al, 1995). 
Finally, Jun signalling can positively or negatively regulate 
differentiation in a number of systems (Bengal ei ai, 
1992; Treier et aL 1995; Hou et ai, 1997; Kockel 
er aL 1997; Riesgo-Escovar and Hafen> 1997). The exact 
molecular role that cJun plays in these different situations 
awaits clarification. 

To examine the role of c-Jun as a target for ERK and 
JNK signalling, wc performed studies in PCI2 cells, a 
well-established experimental system in which the choice 
between a range of different biological signal responses, 
proliferation, neuronal differentiation and cell death, can 
be studied in tissue culture, NGF treatment causes differen- 



tiation into a sympathetic neuron-like cell. This coincides 
with the cessation of cell proliferation, neurite outgrowth 
and expression of immediate early genes, including c-jun 
and c-fos, as well as late response genes believed to 
function as determinants of neuronal differentiation (Sheng 
and Greenberg, 1990). The NGF response in PC12 cells 
requires activation of ERKs, since blocking the kinase 
cascade either by a specific inhibitor or by expression of 
dominant interfering mutants or antibodies against Ras or 
MEKl inhibits the differentiation (Kremer et al, 1991; 
Thomas et al, 1992; Cowley et aL, 1994; Pang et al. 
1995). Conversely, constitutive activation of the ERKs by 
aaivated Raf, Ras or MEKl induces differentiation 
(Bar-Sagi and Feramisco, 1985; Noda et al. 1985; Wood 
et al, 1993; Cowley et al, 1994). Here, wc used the 
PC 12 cell system to investigate if and how activation of 
c-Jun by phosphorylation contributes to neuronal differen- 
tiation of PC12 cells, and how the differential response 
to JNK and ERK activation might be mediated. 

Results 

Phosphoryiated c-Jun induces neurite outgrowth 
in PC12 ceils 

To study the functional role of c-Jun phosphorylation in 
PC 12 cell differentiation, plasmids encoding various c-Jun 
derivatives in which previously identified MAPK substrate 
residues had been modified, were introduced into PC 12 
cells by microinjection. The expression of the HA-epitope- 
tagged c-Jun derivatives in recipient cells was monitored 
by immonostaining with anti-HA antibodies (Figure lA). 
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Fi^. i Phcsphcr/Uuca of c-Juu iu r^spvnic w NGr and aciivatcd MtKL (A) Fhosphorylaiion of c-Jun on Sex63 in PC 1 2 cells, PC 1 2 wUs were 
injected with expression vectors for myc-taggcd c-Jun alone, or together with vectors codins for activated M£K1 (MEK^^) and ERK, or activated 
MEKK (AlvTEKK). NCF treatment was carried out for 60 min at 24 h posi-injcction. Doublestaioing was pcrfonned wiih anti-myc antibody to detect 
the injected cells, and wiih anti-phospho-c-Jun to stain c-Jun phosphorylatcd on Str6^. These antibodies were chosen because the anti-c-Jun Ser73 
phosphate antibodies used in the immunoblots were not suitable for immunostaining. Nuclei expressing myc-c-Jun appear red (left panel) and the 
phosphorylatcd form of c-Jun is visualised in green (middle panel). Note that a yellow colour in the overlay (right pane!) indicates a high 
stoichiomctry of c-Jun phosphorylation. (B) c-Jun is phosphorylatcd in response to ERK activation in PC12 and NIH 3T3 cells. HA-iagged c-Jun 
was expressed in PC12 or NIH 3T3 cells alone or together with MEK^^ and ERK2. or ilMEKK as indicated. Cells were harvested 36 h post- 
transfcciion. and whole^cU extracts were analysed by SDS-PAGE and immunoblotting using antibodies against phosphorylatcd forms of c-Jun on 
Scr63 (top). Ser73 (mMt), or an anUbody against HA-epitope (bottotrO. (C) Specificity of JNK and ERK activation by AMEKK and MEK^ 
respectively. HA-tagged ERK or JNK was expressed in PC12 cells alone or together with MEK^ or AMEKK (as a positive control) as indicated. 
The cells were harvested 36 h post-transfection. and the lysates were immunoprecipitatcd using anti-HA antibody. Imraunocomplex kinase assay was 
performed using GST-c-Jun (amino acids 5-105: top) or myelin basic protein (MBP: bottom) as a substrate. The positions of OST-<-Jun and MBP 
are shown. The numbers below each lane indicate fold induction of icinase activity relative to the value measured in mock-transfcctcd cclK as 
determined by Phosphorlmagcr scanning. 



In c-Jun^sp, potential MAPK phosphorylation sites, includ- 
ing Ser63 and Scr73, and Thi91 and Thr93; have been 
replaced by phosphate-mimiclcing aspanic acid residues 
(Treier et at.. 1995). This 'gain of function' mutant 
acts like the active phosphoprotein in several assays 
(Papava55iIiou et al , 1 995 ; Treier et al . 1 995; Musti et al . 
1997), Expression of c-Jun^^ caused the development of 
long neurites in >50% of microinjected PC 12 cells (Figure 
IB). If the concenaacion of the Jun'^P expression vector 
was titrated down from the standard concentration of 
50 ^g/ml in the injected solution to 2 jlg/ml, significant 
neuriie outgrowth was stUl detected (data not shown), 
indicating that moderate overexpression was sufficient to 
elicit the described effects. In control experiments, c-Jtin^^ 
(a mutant which cannot be phosphorylated by MAPKs) 
and c-Jun^' caused flauening of the cells, increased cell 
diameter and only moderate neuritc formation (Figure 

IB) . The cells developed fewer and notably shorter ncuriics 
as compared with chose injected with c-Jun-^*P (Figure 

IC) . Control cells injected with an expression vector for 



nuclear p-galaaosidase were not induced to differentiate. 
Wc conclude that phosphorylation of c-Jun plays an 
important role in directing PC 12 cells towards a neuronal 
differentiation pathway. 

C'Jun is a downstream target of the ERK pathv\ray 
in PC12 cells 

Since the results shown in Figure 1 imply that activation 
of c-Jun by phosphorylation, as mimicked by c-Jun^=*P 
expression, is sufficient to cause PC 12 cell differentiation, 
we next examined whether differentiation m response to 
NGF involves the same mechanism. Thus, the phosphoryl- 
ation state of c-Jun upon NGF treatment was dctcnnincd. 
PC 12 cells expressing c-Jun*^ were treated with NGF, and 
immunostained with an antibody (anti-c-Jun Ser^jjP) that 
specifically recognizes the Ser63-phosphorylated form of 
C'Jun but not c-Jun that is unphosphorylated at this site. 
Figure 2A shows that Ser63-phosphorylated c-Jun was 
hardly detectable in unstimulated cells. However, NGF 
treatment induced prominent c-Jun phosphorylation. Thus, 
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Fit 3 NGF-mcdiated phosphorybtion of cJun, ERKs and JNKs in PC12 cells. (A) Expression and phosphorylation of c-Jun m response to NGF. 
Top- nuclear e<tracts from PC 12 cells treated with NGF for the indicated periods of time, with TPA for I h. or wiih amsomycin (am) for 30 mm, 
were subjected to SDS-PaGE and iramunoblot analysis. Endogenous c-Jun was detected using an antibody againsi phosphorylatcd form* of cJun on 
Sei^3 or an antibody against bacterially expressed o-Jun. Bottom: HA-iaggcd c-Jun was expressed in PC12 cells. At 36 h post-transfection. cells 
were starved for 6 b, and subscqucnUy stimulated with NGF. anisomycin (ani) or TPA. Whole^ell extracts were prepared and analysed by SDS- 
PAGE and immunoblotiing using anti-HA antibody. The position of phosphocylated and non-phosphorylatcd c-Jun ii indicated by open and closed 
arrows respectively (B) Activation of ERKs in response lo NGR Top: wholc-ccU extracts from PC12 cclU treated with NGF for the indicated 
periods of time, with anisomycin for 30 min. or with TPA for 1 h wew subjected lo SDS-PAGE and irnmunobloi analysis^i^iog an ani»bo^y agj^'^si 
dual-phosphorylated £KKs. The lower panei shows an identical niter probed wiih ami-cRK2 anubouy. Trie pviiuoni of SKiCl (upp« uafiw arid 
ERK2 (lower band) are indicated by arrowheads. Bottom: lysaies from control cells (C) and cells treated with NGF for the indicated periods of time 
were immunoprccipitated using ami-ERK2 antibody. Immunocomplcx kinase assay was performed using MB P as a substrate. The position of MBP 
is shown. The numbers below each lane indicate fold induction of ERK activity relative to the control level. (C) Aciivaiion of JNKs In respoa«ic to 
NGF. Top: JNK activation upon NGF treatment was analysed using an antibody against activated JNKs, as described for (B). The lower panel shows 
an identical filter probed with anti-JNKl antibody. The positions of INKl (lower band) and JNK2 (upper band) arc shown. Bottom: lysaics from 
control and NGF-treated cells were immuno precipitated using anti-JNKl antibody. Immunocomplcx kinase assay was performed using GST-c-Jun 
(amino acids 5-105) as a substrate. The position of GST-c-Jun is shown. The numbers below each lane indicate fold induction of JNK activity 
relative to the control level. 



NGF induces phosphorylation of o-Jun in PCI 2 cells 
which, according to the data shown in Figure I, would 
be sufficient to initiate neuronal differentiation. 

We next investigated the pathway through which the 
NGF signal is transmitted to the PCI 2 cell nucleus to 
induce c-Jun phosphorylation. It has previously been 
.shown that NGF stimulates a signal transduction pathway 
that culminates in the activation of ERKs. Furthermore, 
PC 1 2 cells differentiate in response to expression of 
activated components of this pathway, such as Ras. Raf 
and MEKl (Bar-Sagi and Feramisco, 1985; Noda et aL, 
1985; Wood et al. 1993; Cowley tt aL, 1994). Hence, 
we first tested whether MEKl, a MaPK kinase specific 
for ERKs, could be a mediator between NGF and c-Jun 
phosphorylation. When c-Jun was co-expressed with a 
constitutively activated form of MEKl (MEK^^; see 
Materials and methods) and ERK2. - intense nuclear 
immunostaining was deteaed with the anti-c-Jun Ser^sP 
antibody (Figure 2A). Under our experimental conditions, 
expression of MEK^^ or ERK2 alone did not result in 
strong phosphorylation (Figure 2B and C; data not shown), 
indicating that ERK protein concentration is a limiting 
factor for c-Jun phosphorylation in the cells. Prominent 
c-JuQ phosphorylation w.-is also detected in cells in which 
c-Jun was co-cxpressed with an activated JNK pathway 
component, such as the constitutively active MEKKl 



(AMEKK), comprised of a 672-residue C-terminal frag- 
ment of the molecule (Whitmarsh er al, 1995) (Figure 
2A), or activated SEK plus JNK (data not shown). To 
corroborate these findings, we performed immutioblotting 
experiments with extracts from transiently transfected 
PC12 cells using phospho-specific antibodies or antibodies 
that are not sensitive to the phosphorylation state of c-Jun. 
In agreement with the immunostaining results shown in 
Figure 2A, we find that co-expression with MEK^^ and 
ERK2 results in significant phosphorylation of cJun on 
Ser63 and SerTS. Qualitatively similar results were 
obtained when the same experiment was performed in 
NIH 3T3 cells, and after co-transfection with AMEKK. 
Taken together, these results indicate that, in both PC12 
and NIH 3T3 cells, c-Jun can be phosphorylated on Ser63 
and Ser73 in an ERK- or a JNK-dcpendent manner To 
monitor directly the specificity of MAPK activation under 
our assay conditions we performed inununocomplex kin- 
ase assays (Figure 2C). This experiment shows that, as 
expected, MEK^ stimulated the kinase activity of HA- 
taggcd ERK2 measured on MBP as a substrate. Import- 
antly, no significant ERK activation was observed after 
co-expression with AMEKK, indicating thai .under our 
experimental conditions there is no cross-talk between the 
JNK and ERK signalling pathway. This finding further 
supports our conclusion that c-Jun is a target to ERK 
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fig, 4. Dominant-negative Jun Inhibits MEK-induced neuritc 
outgrowth in PC 12 cells. (A) Morphology of PC 12 celU expressing 
activated MEK and c-Jun. PC 12 cells were injected with expression 
vectors for MEK^ alone. MEK^^ together with c-Jun""', or MEK^^ 
with o-Jun^^**. as indicated. Nuclear p-galaciosidase was co-expressed 
to mark the injected cells. After 4S h. the cells were fixed and stained 
with anti-P-galaciosidasc (green) and TRITC-phalloldin (nsd). NCF- 
tfcatcd cclU stained with TRrTC-phalloidin arc shown as a control. 
(B) Quantification of neuritc outgrowth. The percentage of the cells 
with neurites exceeding twice the cell length among the microinjcctcd 
(FITC-positivc) cells is shown. The data shown arc the mean values T. 
SE of two separate experiments. 



phosphorylation in PCi2 cells. In contrast, AMEKK spe- 
cifically activated JNK and had no effect on ERK aaivity. 
Like others (Minden ec ai, 1994a,b) we observed no 
phosphorylation of c-Jun by ERK in vitro. This negative 
result may be explained by a requirement for further 
factors in the cell that facilitate the phosphorylation of 
c-Jun by ERK. 

To gain further insight into the relationship between 
ERK. JNK and c-Jun activation in PC 1 2 cell differenti- 
ation, we analysed the phosphorylation state and hence 
the activity of these proteins over a time course following 
NGF addition. The top panel of Figure 3A shows that 
both the expression levels and the phosphorylation of 
endogenous c-Jun protein is increased after NGF treatment 
of PC 12 cells. The expression of c-Jun directed from a 



transfected CMV vector is not stimulated by NOP (Figure 
3A. bottom panel) and thus permits assessment of NGF- 
depcndent c-Jun phosphorylation over time at constant 
protein levels. This experiment reveals a kinase activity 
present in PC12 cells for hours after NGF induction that 
can specifically phosphorylate c-Jun. ERKs arc good 
candidates for such an activity, as the strong and sustained 
activation of ERKl and ERK2 (Figure 3B) conelatcs well 
with the persistence of phosphorylated forms of c-Jun 
(Figure 3A). In contrast, we observed only a weak and 
transient JNKl acdvation after 15 min of NGF treatment, 
whereas JNK2 activity was not increased or even slightly 
reduced (Figure 5C). Consistently, when we measured 
JNK activation by immunocomplex kinase assay, wc found 
that the basal levels of JNK activity were reduced upon 
exposure of cells to NGF (Figure 3C, bottom panel). Thus, 
while a contribution of JNK to c-Jun phosphorylation 
cannot be completely excluded, the kinetics and amplitude 
of ERK activity is more compatible with a major function 
of the latter class of MAPKs in the phosphorylation of 
c-Jun upon NGF treatment. 

Tf c-Jun is an essential downstream component of the 
MEKl/ERK-mediaied differentiation in PC 12 cells, a 
dominant-negative form of c-Jun would be expected to 
interfere with this process, Conversely, wild-type c-Jun 
might be anticipated to enhance neurite outgrowth. 
Figure 4 shows that co-expression of c-Jun*^ with MEK^ 
did not markedly increase the number of cells forming 
neurites, yet the neurites were longer, as compared with 
cells expressing MEK^ alone. Similar results were 
obtained after co-expressing MEK^ and ERK2 (data not 
shown). In contrast, co-expression of c-Jun^^'^ a truncated, 
dominant-negative form of Jun, caused marked inhibition 
of MEK I and ERK2-induced neurite outgrowth. Expres- 
sion of c-Jun**^^ alone did not result in any cellular 
responses (Figure 4B). These results therefore provide 
evidence that the MAPK/ERK pathway can trigger c-Jun 
phosphorylation, and that this event is critical for PC 12 
cell differentiation in response to NGF. 

JNK C3n induce neuronal differentiation only if 
e-Jun is co-expressed 

Next, wc asked whether JNK, which can also phosphoryl- 
ate the Ser63 and Scr73 residues of c-Jun. may elicit 
PC 12 cell differentiation when activated. In the JNK 
signalling pathway MEKKl phosphorylates and activates 
SEKl, also called MKK4. which in turn activates JNK 
by phosphorylaiing its regulatory Tyr and Thr residues 
(Lange-Cartcr £ra/., 1993; Derijard erai, 1994; Kyriakis 
er <7/., 1994; Sanchez et al, 1994; Yan et aL 1994; Lin 
et flL 1995). Two components of the JNK pathway, 
AMEKK and panially active SEKl (SEK^), in which 
the regulatory phosphorylation sitej; have been substituted 
by gluumic and aspartic acid residues (J.Woodgctt, per- 
sonal communication) were used in the experiments. 
Immunoblot analysis of transiently transfected NIH 3T3 
cells (Figure 5A) indicated that SEK^^ ^ould induce 
phosphorylation of c-Jun*"* in vivo, albeit to a lesser extent 
than MEK^^. Phosphorylation of c-Jun was strongest when 
c-Jun was co-expressed with AMEKK. The same assay 
was also performed using c-Jun*'^'^ as a substrate for these 
kinases. c-Jun^'=* was not recognized by anti-c-Jun Ser63 
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Fig. 5. Activation of MEKK or SEK can mediate PCl2 cell differentiation in the presence of o-Jurv (A) c-Jun is phosphoryUted in response to 
activated MEK, SEK and MEKK in NIH 3T3 cells. c-Jun*' or cJun^'^ were expressed in NIH 3T3 cells alone or with MEK^. ERK, SEK^^, JNK 
Of AMEKK, as indicated. Cells were harvested 24 h post-transfcction. Whole-cell excracts were assayed for c-Jun phosphorylation using SDS-PAGE 
and immunobtotting with antibodies against c-Jun phosphorylatcd on Ser63 (top) or Sef73 (middle), or anti-HA antibody (bottom). The arrowhead 
indicates JNK that is also HA-tagged. (B) Morohology of PCI 2 cells expressing activated components of the JNK pathway. PC 12 cells 
were injected with expression vectors for SEK^^ or AMEKK in the absence or presence of a plasmid coding for c-Jun*\ as iodicaicd. Nuclear 
^galactosidasc was co- expressed to mark the injected cells. The cells were fixed after 40 b and stained with anii-p-galactosidase (green) and 
TRITC-phalloidin (red). (C. D) Quantification of ncuritc outgrowth and length distribution of neuritcs were performed as in Figure 16 and C. 
respectively. The data ^own are mean values r SE of two separate experiments. 



or Ser73 phosphate antibodies, verifying the specificity of 
these antibodies. 

The ability of the activated components of the JNK 
pathway to elicit PC 12 cell differentiation responses was 
examined using the microinjection assay (Figure 5B). In 
contrast to MEK^^ (Figure 4), neither SEK^ nor AMEKK 
induced neurite outgrowth when expressed in PC12 cells, 
which further indicates that activation of JNK pathway is 
not sufficient to induce PC 12 cell differentiation. However, 
consistent with previously published results (Xia et ai, 
1995), we found that AMEKK -expressing cells underwent 
apoptosis. PC 1 2 cells expressing SEK^ displayed neither 
differentiation nor apoptosis. If, however. SEK^^ or 
AMEKK were expressed along with c-Jun'*'\ marked 
neurite outgrowth ensued (Figure 5B and C). The fraction 
of differentiating cells, as well as the average length of 
the appearing neuritcs, was significantly increased as 
compared with cells that had received c-Jun*"' alone (Figure 
5C and D). Interestingly, the apoptotic effect of AMEKK 



was suppressed when c-Jun was co-expressed. The basis 
for this is unclear and subject to further investigation. The 
cooperation between JNK and c-Jun in the induction of 
neurite outgrowth suggests that c-Jun phosphorylation is 
sufficient to induce PC 12 ceil differentiation, regardless 
of whether it is mediated by MEK-induced ERK aaivity 
or through acuvation of JNK. 

ERK- but not UNK-acttvation induces c^un 
expression in PC12 cells 

An attractive hypothesis to explain the above results poses 
that PC12 cell differentiation requires two events, namely 
the induction of c-Jun synthesis and c-Jun phosphorylation. 
Wherea-s both ERK and JNK can catalyse phosphorylation 
of the relevant sites in c-Jun. only the former can stimulate 
c-Jun expression in PC 12 cells efficiently (Figure 7). 
According to this model. JNK activation would thus not 
be sufficient to stimulate differentiation, unless c-Jun is 
provided in trans. To test this idea, we investigated 
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Fig. 6, C"Jun expression U induced by NGF and activ&ced MEK. but not by aciivaied MEKK and SEK. Left: cxprciiion of endogenous cJun in 
PC12 cells in response to aciivaied MEK. MEKK and SEK. PC12 cells were injecied with expression vectors coding for M£K^. aMEKK or 
SEK^^. Nuclear p^s*^^'*'^*^^*^ co-expressed to mark the injected cells. The ccIU were fixed after 16 h and double stained with antl-3- 
galactosldase (red) and anti-c-Jun (green) antibodies. Note thai a yellow colour in the overlay Indicates prominent cOun inr^munoreactivity. Right: 
expression of endogenous c-Jun in response co NGE Cells were starved for 16 h and subsequently treated with NGF and TPA (as a pa<;itivc control) 
for I b. After fixation, the cclU were stained with anti-Jun antibody. 
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Fig. 7. Model of signalling to c-Jun in undifferentiated PC 12 cells. 
Two MAPK cascades converge on c-Jun. The ERK pathway regulates 
c-Jun expression and phosphorylation during neuronal differentiation 
of PC 1 2 cell. If c-Jun expression levels ore increased JNK pathway 
can also mediate diffcrenciaiion response. 

Whether endogenous c-Jun expression can be induced by 
specifically activating either the ERK or the JNK pathway. 
MEK^^ SEK^ or AMEKK were expressed in PC12 
cells, and endogenous cJun expression was examined by 
immunosiaining (Figure 6). Interestingly, expression of 
MEK^ caused a significant increase in c-Jun expression 



similar to the one seen in NGF- or TPA-treated PC 1 2 
cells (Figure 6, right panel)> In contrast, AMEKK, which 
effeaively activates JNK, resulted in only marginal c-Jun 
induction. When PCi2 cells were injected with expression 
plasmid for SEK^. c-Jun expression was not dciectably 
induced. Taken together, these results establish a biologic- 
ally relevant difference between the ERK and the JNK- 
signalling in the regulation of c-Jun activation. 



Discussion 

Several lines of evidence presented here suggest that c-Jun 
can act as a substrate for ERK phosphorylation in at least 
two different cell types, and that in the NGF response, 
ERK-mediated activation of c-Jun direas PC12 cells 
towards neuronal differentiation. First, analogous to activ- 
ated components of the Ras/MAPK pathway such as Ras, 
Raf or MEKl (Bar-Sagi and Feramisco, 1985; Noda et al, 
1985: Wood ex c/.. 1993; Cowley et ai. 1994). expression 
of c-Jun^'P in PC 12 cells induced marked neurite out- 
growth. Secondly. NGF treatment of PC 12 cells induced 
sustained activation of ERKs and phosphorylation of 
c-Jun. A transient small increase in JNKl. activity after 
NGF exposure does not match the- kinetics of c-Jun 
phosphorylation. Thirdly, expression of consiitutively 
active MEK and ERK, which has been shown previously 
to lead to PC12 cell differentiation (Cowley er aL, 1994), 
resulted in prominent c-Jun expression and phosphoryl- 
ation on Ser63 and Ser73, but not JNK activation. Founhly, 



4410 



APR 03 2000 05:21 FR CI5TI ICIST 



613 991 2262 TO 161752550WW 



H. 10 




expression of c-Jun poientiaied differentiation of PC 12 
cells induced by MEKK whereas dominant-negative 
mutants of c-Jun inhibited ii. 

Thus, while ERKs are less effective kinases of c-Jun 
in virro, as compared with JNKs. phosphorylation of c-Jun 
by ERKs appears to mediate signal responses in vivo, at 
least during PC 12 cell differentiation. This is consistent 
with our recent findings in Drosophila, ^h'lCh indicate 
that Jun can act as an effector of both JNK and ERK 
pathways during development of this organism (Peverali 
et aL, 1996: Kockel et aL, 1997). Nevenheless, JNKs can 
phosphorylate c-Jun more efficiently than ERKs on the 
sites which, according to our mutant analysis, are critical 
for PC 12 cell differentiation. Considering this— and our 
finding that phosphorylation of c-Jun on these sites is 
sufficient to direct PCI 2 cells along a path of neuronal 
differentiation — one might predict that activation of the 
JNK pathway would also induce PC12 cells to differenti- 
ate. However, this is not the case. Stimulation of JNK 
activity either by activated forms of MEKK or SEX does 
not trigger neurite formation in the way that it was seen 
when the ERK pathway was stimulated (by MEK^ or by 
NGF). Instead, consistent with observations by others (Xia 
et aL, 1995; Lassignal Johnson et aL, 1996). AMEKK 
induced apoptosis in undifferentiated PC 12 cells. In this 
siwation. c-Jun seems not to be involved, but conversely 
counteracts apoptosis and induces differentiation when 
provided in addition. Since c-Jun itself has also been 
imolicated in aoooiosis in some circumstances (Ham et aL, 
1995; Xia et cL] 1995; Watson et aL, 1998), it seems 
clear that the effects of c-Jun on cellular responses depend 
on the cell type and the context of regulatory inputs that 
the cell is receiving. 

Our results show that a JNK activating signal could 
promote neuronal differentiation in PC 12 cells only when 
c-Jun was provided in addition. These data suggest a 
model in which activation of the ERK pathway in PC 12 
cells results in stimulation of both c-Jun synthesis and 
c-Jun phosphorylation, whereas the JNK pathway triggers 
phosphorylation only (Figure 7). Indeed, we could show 
that activation of ERK pathway, but not JNK, induced 
prominent c-Jun expression in PC 12 cells. This is consist- 
ent with recent data reporting that activation of JNK is 
not sufficient to activate the c^jun promoter in fibroblasts 
(Hazzalin et aL, 1996). Providing c-Jun exogenously, 
however, will turn the JNK activation into a differentiation 
signal. According to this model, the specificity of signal 
response is not based on a quahtative or quantitative 
difference in the way ERKs or JNKs phosphorylate 
Jun (e.g. in terms of kinetics or phosphorylation site 
preference). Phosphorylation of c-Jun by either kinase can 
promote PC12 cell differentiation. Based on the data 
presented here, we favour a combinatorial model in 
which a duaJ input on the level of transcription and 
phosphorylation of c-Jun is required to stan a programme 
of neuronal differentiation in PC 12 cells. There may also 
be situations where simultaneous activation of ERK and 
JNK act syncrgistically to elicit a response that is distinct 
from the response to the activation of either pathway alone. 

Materials and methods 

Ptasmtds 

Plasmids for ttummalian cell expression of CMV-driven cpitop<-tagged 
c-Jun**. c-Jun*^'''. c-Jun^P and nuclear p-gabciosida.sc have been 
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described (Treicf et at.. i99d, 1995). CMV-driven expression vector for 
HA-taggcd dominant-ncgative form of c-Jun (c-Jun'^'') was constwcied 
by deleting amifto acids 25-181 from the sequence. Bacicfiol pOEX2T 
expression vector containing, GST-c-Jun • (kindly provided by 
F.A.Pevcrali) was constructed by PCR amplificaiion of sequences con- 
taining amino acids 5-105. Constructs for manunalian pEXV expression 
vectors for constitutivcly active MEKl and ERK2myc (Cowley */ aL 
1994) were provided by C.Marshall: the construct for mammalian 
expression of constlmtivdy active MBKKl (Whitmarsh et a/., 1995) 
was provided by R.J.Davis-, the consimct for mammalian expression for 
HA-tagged JNK (Coso #f al.. 1995) was provided by S.Gutkind; the 
consifMCt for mammalian expression for HA-tagged ERK2 was provided 
by CJ.Der; and the construct for mammalian expression for partially 
active SEK was provided by J.Woodgcit. 

Celt culture and trBnsfdctions 

Rat phacochnomocyioma PC12 cells were routinely cultured on collagen- 
coated dishes in a humidified 7.5% CO: atmosphere at 37*C in OMEM. 
supplemented with 10% Horse scmm (HS) and S% fetal calf scrom 
(PCS). Transient iransfection into PC 1 2 cells wa5 done with Upofect- 
aminc according to the manufacturer's instructions (Gibco-BRL). Mouse 
NIH 3T3 cells were cultured iti DMEM wlih 10% calf serum (CS). 
Transfcciion was performed using the calcium phosphate method 
(Graham and van der Eb. 1973). Cells were harvested 2^36 h after 
transfcction. 

Microinjection 

For microinjection, cells were seeded on laminin-coatcd plastic plates 
(20 Jig/ml mouse EHS-laminin; Boehringer) to provide better adhesion 
and facilitate neurite outgrowth. Microinjections were performed on an 
autonnaied injection system using a Zeiss inverted microscope. All 
plasmids were injected into the nucleus at a conccniration of 50 ng/ml 
unless otherwise stated. 10O-15O cells were injected per experiment. 

Cells were fixed with 2Td paraformaldehyde (PPA) in phosphate-buffered 
saline (PBS), washed with PBS and permeabilized with 0.1% Triton 
X-100 in PBS on ice. Blocking with 1% bovine scium albumin (flSA) 
in PBS for 30 min, and incubations with primary aiitibodics in \% 
BSA-PBS for 1 h, were done at room temperature (RT). Ancibodies 
included a monoclonal antibody (mAb) against 3-gabctosidase (Pro- 
mega), a mAb against HA-cpiiopc (clone 12CA5). a mAb against myc- 
epitope (done 9E10). a polycloi\al antibody against c-Jun (Bohmann 
and Tjian. 19S9). and a polyclonal antibody against phosphorylaicd 
c-Jun at position Scr63 (New England Biolabs). After several washes, 
bound antibodies were detected using FTTC- and Texas red-conjugoied 
secondary ariiibodies (Dianova) for I h at RT, The morphology of the 
cells was visualized using TRlTC-labellcd phalloidin (Sigma). Cells 
were further washed extensively with PBS. and Hocchst dye 33258 
(Sigma) was included- in the last wash to visualize the nuclei. Finally, 
the celU were mourned under a covcrslip ujting Mowjol. Samples 
were examined using a Zeiss LSM^-IO confocal imaging system. For 
quantification of neurite outgrowth, the cells forming neurltes longer 
than twice the diameter of the ceil body were defined as positive. 

Western blot snslysis 

Whole-cell extracts were prepared by lysing the cells directly in SDS 
sample buffer. Nuclear extracts were obtained by extracting the cells 
with hypotonic lysis buffer (10 mM Tris pH 7.5. 10 mM NaCl. 3 mM 
MgCl2. 0.2 mM Na3V0i, SO |iM Naf. 2 mM DTT. 0.5% NP-40). 
followed by solubilization of nuclei into SDS sample buffer. After 
sonicaiion, protein samples (1(^20 ng) were separated on SDS-poIy- 
acrylamide gels and electroblorted onto nitrocellulose filters. Tmmuno- 
blonitig was performed using a mAb against HA-epitopc. polyclonal 
antibodies against phospho-oJun (anii-c-Jun phosphorylated on Scr63 
or Scr73'. New England Biolabs). polyclonal antibody against c-Jun 
(Bohmann and Tjian. 1989), and. polyclonal antibodies against activated 
phospho-ERKs and phospho-JNKs (Promcga). ERKl/2 and JNKI/2 
were detected by polyclonal antibodies C-M and C-i7. respectively 
(Santa Cniz). HRP-conjugatcd secondary antibodies were purcha.<;ed from 
Dianova. The blots were developed with an enhanced chemilumincscencc 
method (ECL. Amershamj. 

tn vitro ktn3se ssssys 

The cells were washed with PBS and solubili2ed In lysis buffer (25 mM 
HEPES-NaOH pH 7.5. 150 mM NaCL i% Triton X-lOO, 10% glycerol. 
5 mM EDTA, 5 mM ECTA. 25 mM (J-glycerophosphaic. O.l mM 
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Na^vO*). Transienily cransfccied HA-iaggcd JHKl was immunoprccipi- 
uiied for I h ai 4*0 using monoclonal anti-HA (12CAS) uniibody. 
Immunocomptcxes were coupled to proicln-A-Scpharose beads for an 
addllioaal 1 h at 4'C and washed four times with dilution buffer 
(25 mM HEPES-NaOH pH 7.5. 5 mM EDTA, 5 roM EGTA. 25 nriM 
(J-Slycerophosphaic. O.l mM NajVOd). followed by one wash with 
kiaase buffer (50 nnM H£P£S-NaOH pH 7.5, 10 mM MgClj, I mM 
DTT. 25 mM ^glycerophosphate* t mM t^Ay^O^}. Kinase reactions 
were performed in the presence of 2 ^iCi of [y-^PJATP for 20 min at 
30*C using myelin basic protein (MBP) or GST-c-Jun (5-105) as a 
substrate. Phosphorylatcd proteins were analysed by SDS-polyacryl- 
amidc gel clccirophoresis and auioradiography. The intensities of the 
radioactive signals were quantitated with a Phosphorlmager (Molecular 
Dynamics). 



Acknowledgements 

Wc are grateful to C. Marshall. R. J.Davis, S.Guikind, CJ.Dcr and 
J.Woodgcu for expression pUsmids. We would like to thank L.Staszcwski 
for excellent technical assistance. M.Boutros, F.A.Peverali and members 
of the Bohmann laboratory for stimulating discivssions. and D. Jackson, 
C.Oviit and A.Ncbreda for helpful comments on the manuscript. S.L. is 
supported by the Finnish Academy of Sciences and the Finnish Cultural 
Foundation. 



References 

AngeKP. and Karin^t. (199 1) The role of Jun. Fos and the AP-l complex 
in Cell prolifer atiOQ and transformation. Biochim. Biophys. Acta. 1072. 
129-157. 

Bor-Sagi.D. and Feramisco.J.R. (1985) Microinjection of the ras 
oncogene into PC 12 cells induces morphological differentiation. Cetl. 
42, S41-S4S. 

Bcitgal.E., Ransonc.L.. Schorfmann.R.. Dwarki.VJ,. Tapscoti.S.J.. 
Weintraub.H. and VcimaJJvI. (1992) FutKiional antagonism between 
c-Jun and MyoD protein; a direct physical association. C^tL 68, 
507-519. 

Binctruy3.. Smcal.T, and Kario.M. (1991) Ha-ras augments c-Jun 

activity and stimulates phosphorylation of its activation domain. 

Nature, 351. 122-127. 
Bohfrvann,D. and Tjian.R. (19S9) Biochemical analysis of transcriptional 

activation by Jun: differential activity of c- and v-Jun. Ce//, 59 

709-717. 

Bos.TJm Monteclarop,S.. MUsunobu,E, Ball,A.R,» Chang.C.H.W., 
NishimuraT and Vogt J>,K. (1990) Efficient transformation of chicken 
embryo fibrobbscs by c-Jun requires structural modifications in coding 
and noncoding sequences. Ctnes Dtv., 4, 1677-1687, 

Castellazil.M.. Spyrou.O.. La.V.N., DangyJ.P,, Pio,F.. Yaniv.M. and 
Brun.G. (1991) Overexpression of cjun. junB. or junO affects cell 
growth differently. Proc. Natl Acad. Set. USA. SS. 8S90-SS94. 

Coso.O.A.. Chlaricllo.M.. YuJ.-C, Teramoto.H.. Crcspo.P.. Xu.N„ 
Miki,T. and Guikind^. (1995) The small (DTP-binding proteins Racl 
and Cdc42 regulate the activity of the JNK/SAPK sicnaling pathway. 
Ce//. 81. U37-1U6. 

Cowley.S,. Paierson.H.. Kemp.P, and Maxshall.C J. (1994) Activation of 
MAP kinase kinase is necessary and sufficient for PCI 2 differentiation 
and for transformation of NIH3T3 cells. Cell, 77, 8^1-852. 

Dfirijard.B.. Hibi.M.. Wu.I.. Barrett.T.. Su.B., Dcng.T, Karin.M. and 
Davis.R. (1994) JNKI: a protein kinase stimulated by UV-iight and 
Ha-Ras that binds and phosphorylates the c-Jun activation domain 
Ccli 76. 1025-1037. 

Devary.Y, Goiilicb.R.A., Smeal.T. and Karin.M. (1992) The mammalian 
ultraviolet response is triggered by activation of Src tyrosine kinases. 
CeU, 71, lOSl-1091, 

Estu$,S., Zaks.Wj.. FreenianJ^.S.. Gnida^l.. Bravo.R. and 
John5on.E.M,Jr (1994) Altered gene expression in neurons during 
programmed cell death: identification of c-Jun as necessary for neuronal 
apoptosis. / Cell Biol. 111. 1717-1727. 

Craham,F.L. and van der Eb.AJ. (1975) A new technique for the assay 
of infcctivity of human adcnoviius 5 DNA. Virology, SI, 456-457. 

Gup[a,S„ CampbelLD.. Dervard.B. and DavisJ^. (1995) Transcription 
factor ATF2 regulation by the INK signal transduction pathway 
SciVrtc*. 267. 3S9-393. 

HamJ.. Babij.C. WhiifieldJ.. Pfan-.C-M.. UllemandJ?., YanivaM. and 
Rubin.L.M, (1995) A c-Jun dominant negative muunt protects 




sympathetic neurons against prognunmcd cell death. Neuron. 14. 
927-939. 

Hazzalin.C.A.. Cano,E.. Cuendaj\.» Banuu.MJ., Cohen,R and 
Mahadevan.L.C. (1996) p38/RK is essential for stress-induced nuclear 
responses: JNK/SAPKs and c-Jun/ATF-2 phosphorylation arc 
insufficient, Curr. Biol.. 6, 1028-1031. 

HibiX.. Lin,A.. Smcal.T. Minden.A. and Kahn.M. (1993) Identification 
of an oncoprotein- and UV- responsive protein kinaw that binds and 
potentiates the c-Jun activation domain. Ccncs Oc^, 7, 2135-214$. 

HouJC.S., Goldstcin,E.S. and Pcmraon.N, (1997) Drvsopkilc Jun relays 
the Jun ami no- terminal kinase signal ininsduction paih«/ay to the 
Decapentaplcgic signal transduction pathway in regulating epithelial 
cell sheet movement. Ctnes Dev.. 11, 1728-1737. 

Johnson.R.S.. van Lingen J., Papaioannou^V.E. and Spiegelman.B.M. 
(1993) A null mutation at the c-jun locus causes embryonic lethality 
and retarded cell growth in culture. Cene.s Dev.. 7, 1309-1317. 

Karin.M., LiuZ- and Zandi.E. (1997) aP-1 function and regulation. 
Curr. Opin. Cell BioL 9. 240-246. 

KockeiJ,.. Zcitlingcr.J., Staszew5ki.L.M.. Mlod^ik>l. and Bohmann, D. 
(1997) Jun in Drosophih development: redundant and non-rcdundam 
functions, and regulation by \wo MaPK signal transduction pathways. 
Ce/iei- Dev., II, 1748-1758. 

Kremer.K.E.. D'Arcangclo.G.. Thomas.S.M., DeMarco.M.. BruggeJ.S. 
and Hulcgoua.S. (1991) Signal transduction by nerve growth factor 
and fibrobIa:« growth factor in PC 1 2 cells requires a sequence of src 
and ras actions. J. Cell BioL. 115. 809-319. 

Kyriakis,J.M. and .'Vvruch.J. (1996) Protein kinase cascades activated by 
stress and inflammatory cytokines. BioEssays, 18. 567-577. 

KyriakisXM.. Bancrjee.R, Nikolakakj.E., Dai.T. RubicEA.. 
Ahmad, M.F. AviuchJ. and WoodgeiiJ.R. (1994) The stress-activated 
protein kinase subfamily of c-Jun kinases. Nature . 369, 156-160. 

Lange-Cuner.CA.. Pleiman.CM., Gardn^r.A.M., Blumcr.K.J. and 
Johnson,G.L. (1993) A divergence in the MAP kinase regulatory 
network defined by MEK kinase and Raf. Science. 260. 315-319. 

Lassi^al Johnsoni^.L. et at. (1996) Signal transduction pathways 
regulated by mitogen-aciivated/cxcracellular response kinase kinase 
kinase induce cell death. / Biol. Chenu. 271, 3229-3237. 

Lin. A.. Mindenj^.. Martinctto.H.. Claret.F.X.. Lange-Cancr.C. 
Mercurio.F.. Johnson.G.L. and Karin,M. (1995) Identification of a 
dual .specificity kinase that activates the Jun kinases and p38-Mpk2. 
Science, 268» 286-290. 

Llvingsionc.C. Patel.G. and Jones.N. (1995) ATF-2 contains a 
phosphorylation-dcpendcnt transcriptional activation domain. 
EMBO /. Id, 1785-1797, 

Lloyd^.. Yancheva.N. and WasylykJ, (1991) Transformation 
suppressor activity of a jun transcription factor lacking its activation 
donuin. Nature, 352, 635-638. 

Marshall.CJ. (1995) Specificity of tyrosine kinase signaling: transient 
versus sustained extracellular kinase activation. Cell. 80. 179-185. 

Minden^M Lin.A,. McMahon,M., Lange-Caaer.C. D£riJard,B.. Davis, 
R.J.. Johnson.G.L. and Karin.M, (1994a) Differrntial activation of 
ERK and JNK mitogcn-activated protein kinases by Raf-1 and MEKK. 
Science. 266. 1719-1723. 

Mindexi,A.. Lin.A.. Smeal.T.. Derijard.B.. Cobb.M.. Davis.R. and 
Karin.M. (1994b) c-Jun N-tcrminal phosphorylation correlates with 
activation of the JNK subgroup but not the ERK subgroup of mitogen- 
activated protein kinases. Mol. Cell. BioL, 14, 6683-6688. 

Mu$ti.A.M.. TrcienM. and Bohmann J). (1997) Reduced ubiquitin- 
depcndent degradation of c-Jun after phosphorylation by MAP kinases. 
Science. 275. 400-^02. 

Noda>l.. KoM.. Ogura.A., Liu.D.G.. AimanoX. TakanoT. and Ikawa. Y. 
(1985) Sarcoma viruses canying ras oncogene induce differentiation- 
associated properties in a neuronal cell line. Nature, 318. 73-75. 

PangX.. Sawada.T.. Dccker.S.J. and SaltieU.R. (1995) Inhibition of 
MAP kinase kinase blocks the differentiation of PC 1 2 cells induced 
by nerve growth factor. /. BioL Chem,. 270. 13585-13538. 

Papavassiltou.A.G.. Trcicr.M. and Bohmann.D. (1995) Intramolecular 
signal adduction in c-Jon. EMBO /. 14, 2014-2019. 

PeveraliJA.. Isaksson.A.. PapavassiIiou.A.G.. Staszewski.L.M,. 
Mlodzik,M. and Bohmann.D. (1996) PhosphoryUtion of Drvsophila 
Jun by the MAP kinase Rolled during R7 photoreceptor differentiation. 
EMBO J. AS, 3943-3950. 

Prioc.M.A.. Crvzalegui.FH. and Treisman.R. (1996) The p3S and ERK 
MAPK kinase pathways co-operate to activate ternary coniplex factors 
and C'/o.y transcription in response to UV light. EMBO /, 15 
6552-6563. 



4412 



PPR 03 2000 05:21 FR CISTI ICIST 



613 991 2262 TO 16175265000 P. 12 

ir*Jun in PC12 cell differeniiation 



Pulvcrer.BJ.. Kyriakis.J.M., AruchJ.. Ni'KObkaki.E. and WoodgctiJ.R. 
(1991) Phoiphorylauon of c-Jun meduiied by MAP kinase. Nature, 
353. 670-674. 

PuIvCftr.B.i-. Hughes.K.. Franklin.C.C. KrafLA.S.. Leevcrs.SJ. and 
WoodgettJ.R. (1993) Co-purificaiion of miioscn- activated protem 
kinases with phorbol e^ter-induced c>Jun kinase acilvity In U937 
Icukaetflic cells. OncQsanc, 8. 407-415. 

Radler-PohlJ^M Sachscnmaicr.C. Gcbcl.S.. Aucr.H.P.. Brudcr.J.T.. 
Rapp.U.. AngcUP, JUhm$dorf,H.J. and Hcrxlich.P. (1993) UV-lnduced 
aciivation of AP-1 involves obligarocy cxtranuclcar steps including 
RAf-I kinase. EMBO /. 12, 1005-1012. 

Ricsgo-EscovirJ.R. and HafenX. (1997) Drosophila Jun kinase regulates 
expression of decapcnxaple^ic via the ETS -domain protein Aop and 
the AP-1 transcription factor DJun during dorsal closure. Cents Dev., 
11. 1717-1727. 

Robinson.MJ. and Cobb.M.H. (1997) Miiogen-activaied protein kinase 

pathways. Cum Opin. Cell BioL, 9. 1S0-1S6. 
S4nchc2.I.. Hushes.R.T., Maycr^B.J., Ycc.K.. WoodgettJ.R.. Avruch.J., 

KyriakisJ.M, and 2or\X.I. (1994) Role of SaPK/ERK kinase-l in 

the stress -activated pathway rcgulatins transcription factor c-Jun, 

Nature, 372. 79^-798. 
Schdnc.;.. Minna J.D. and Bincr.M.J. (19S9) Deregnbted expression of 
• human c-jun transforms primary rat embryo cells in cooperation with 

an activated c-Ha-rcs gene and transforms rat- la cells as a single 

gene. Prvc. Natl Acad. Sci USA, 86. 2257-2261. 
Shcng.M. and Greenberg.M.E. (1990) The regulation and function of e- 

fas and other immediate early genes in the nervous system. Neuron. 

4. 477-485. 

Srocal.T., Bineiruy.B.. Mcrcola.D.A.. Birrcr.M. and ICarin,M, (1991) 
Oncogenic and transcriptional cooperation with Ha-ras requires 
phosphorylation of c-Jun on serines 63 and 73. Nature . 354. 494-496. 

Smeal.T.. Binetruy.B., McrcclaJ).. Grovef-Bardwick,A., Heidcckcr.G.. 
Rapp.U.R. and Karin.M. (1992) Oncoprotcin-mediated signalling 
cascade stimulates c-Jun activity by phosphorylation of serines 63 
and 75. Mot. CelL BioL 12. 3507-3513. 

Thcr^as.S.M.. Oz^^iincCiA,, D'AiCi 0^^10,0., Kaici5oua,5. and Brugge, 
J,S. (1992) Ras is essential for nerve growth factor- and phorbol 
esicr^ induced tyrosine phosphorylation of MAP kinases. CeU. 68, 
1031-1040. 

Trcier.M., 5taszcwski.L.M. and Bohmann.D. (1994.) Ubiquitin-dcpcndcnt 
c-Jun degradation in vhu is mediated by the 5 domain. CW/, 7S, 
737-798. 

TtrJer.M.. Bohmann.D. and MlodziJcM. (1995) Jun cooperates with the 

Ets-domain protein Pointed to induce photoreceptor R7 fate in the 

Drvsophila eye. Cell 83. 753-760. 
Treiitman.R. (1996) Regulation of transcrijpiion by MAP kinase cascades 

Curr. Opin. Cell Biol., 8. 205-215. 
van Dam,H., Wllhelm.D.. Herr.I., Stcffen.A.. Herrlich,A. and Angcl.P. 

(1995) ATF-2 is preferentially activated by stress -activated protein 

kinases to mediate ojun induction in response to s^notoxic agents. 

EMBO J., K 1798-1811. 
Watson. A.. Eilers.A.. Lallcmand.D.. Kyriakis.J.. Rubin.L.L. and Ham.J. 

(199S) Phosphorylation of c-Jun is necessary for apoptosis induced 

by survival signal withdrawal in cerebeJlar granule neurons. 

y. 18. 751-762. 

Whitmarsh.A,;.. ShoreP.. Sharrocks.A.D. and Davis.RJ. (1995) 

Integration of MAP kinase signal transduction pathways at the serum 

response element. Science, 269, 403-407. 
Whitmarsh.A.J.. Yang.S.-H-. Su.M.S.-S., Sharrocks>A.D. and Davis.R.D. 

(1997) Role of p33 and JNK MAP kinases In the activation of ternary 

complex factors. Mot. Cell. Biol, 17. 2360-2371. 
Wood,)CW.. Qi.H., D*Arcang€lo.G., Amsirong.R.C, Robcrts.T.M. and 

Halcgoua.S. (1993) The cytoplasmic ro/ oncogene induces a neuronal 

phcnotypc in PCl2 cells: a poiemial role for cellular rc/ kinases in 

neuronal gro\^th factor signal trrinsduction. Proc, Natl Acad. Set. USA, 

90, 5016-5020. 

Xia.Z„ Dickcns,M., Raingcaud.).. Dovis,R,J. and (jrccnberg.M.E. (1995) 
Opposing effect of ERK and /NK-p3S MAP kinases on apoptosis. 
Scie/itre. 270. 1326-1331. 

Yan^I.. DaiX. Deak^.C.> KyriakisJ.M., ZotiJL.I., WoodgettJ.R. and 
TcmpIcton.D.'j. (1994) Activation of stress-activated protein kinase 
by MEKKl phosphorylation of its activator SEKl. Nature, 372. 
798-800. ' 

Received April S, 1998: revised June 2, J998: accepted June 4. 1998 



4413 



